Objective: To describe the natural history of clinical and laboratory features associated with the m.3243AϾG mitochondrial DNA point mutation. Natural history data are needed to obtain prognostic information and for clinical trial planning.
Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) is an often devastating multisystem syndrome characterized by progressive encephalopathy and stroke-like episodes, leading to disability and early death. 1 MELAS is often associated with the mitochondrial DNA (mtDNA) A-to-G transition at nucleotide 3243. [2] [3] [4] [5] [6] Maternal relatives harboring the m.3243AϾG mutation often ask about their prognosis, but data that would help predict the clinical course are sparse. The clinical manifestations of the m.3243AϾG mutation are probably underrecognized, and the frequency of the mutation seems to be more prevalent than originally thought. 7 The phenotypic variability is, at least in part, due to heteroplasmy, with varying proportions of mutant and wild-type mtDNA molecules in different tissues. 8 The clinical features of the m.3243AϾG mutation have thus far been described in several case series 9 -11 or in retrospective studies based on clinical databases. 12, 13 Only one study to date has described 3-year follow-up data for m.3243AϾG mutation carriers and found a significant increase in a global disease severity scale, as well as worsening on audiometry, electroencephalography, and echocardiography. 14 We have previously described the phenotype associated with the m.3243AϾG mutation, and we have described the decline over time in mutant mtDNA in leukocytes in a subset of our cohort. 15, 16 To provide patients and those caring for them with additional prognostic information, we describe outcomes from a prospective cohort study of 35 families with the m.3243AϾG mutation followed for up to 10.6 years using a battery of clinical and laboratory measures.
METHODS Study population and setting. We included all m.3243AϾG mutation carriers and their matrilineal relatives who participated in an observational study at Columbia University Medical Center in the city of New York. Participants (n ϭ 85) were divided into 2 groups 1): fully symptomatic patients with MELAS (n ϭ 31, termed patients) and 2) asymptomatic or symptomatic relatives who represent obligate carriers by pedigree analysis (n ϭ 54, termed carrier relatives). A fully symptomatic patient with MELAS was defined as having evidence of focal brain involvement in addition to lactic acidosis; i.e., all subjects in this group had a history of stroke-like episodes or focal seizures. We included in our longitudinal analyses all 85 participants with at least 2 in-person visits. In the survival analysis only, we also included 24 additional patients with MELAS who had only 1 in-person visit, but whose survival status was known at some point during follow-up (n ϭ 55).
To recruit subjects, we disseminated information on relevant web sites and at meetings of patient voluntary organizations.
Study design. Under a prospective cohort design, participants
were invited for annual follow-up visits. For subjects who could not return in person, we attempted to obtain basic clinical information over the phone to assess survival status and onset of seizures or stroke. The first patients were enrolled in December 1995, and data were censored on January 31, 2008. At each visit, we conducted a comprehensive medical evaluation that included the following elements.
1. Columbia Neurological Score. A comprehensive physical and neurologic evaluation was conducted as described previously and scored within a range of 0 to 76, with 76 being normal. 15 2. Medical history. We used a questionnaire developed by the investigators based on their clinical observations in patients with mitochondrial disorders to provide a survey of medical and neuropsychiatric problems associated with the m.3243AϾG mutation as described previously. 16 3. Neuropsychological assessment. Cognitive function was studied using a battery of tests designed to assess cognitive domains that may be involved in global cognitive function, language, abstract reasoning, visuospatial ability, visual memory, and verbal memory as described previously. Age-adjusted categorical scores were assigned (ranging from 0 to 3, with 0 representing normal performance and 3 representing profound impairment that precluded testing). A global neuropsychological score was derived from the mean score of the separate domain scores, with a range of 0 to 3. 15, 16 4. Karnofsky score. We evaluated daily living functional abilities using an established scale that ranks, by 10-point intervals, 11 levels of functional ability, with a score of 100 for full functioning and a score of 0 for death. 17 mutation was confirmed in DNA extracted from leukocytes according to standard procedures as described previously. 18 DNA analyses in urine sediment were available only for a few visits and patients because this was not part of the original protocol. 7. MRI. Magnetic resonance images were acquired using standard methodology. The data were analyzed systematically by regions of interest as described previously. The overall MRI score, resulting from adding regional scores, ranged from 0 to 54, with 54 being normal. Sagittal T1-weighted MRI sequences are used as localizer images for multislice magnetic resonance spectroscopic imaging (MRSI) scans on each patient. 19 8. Proton MRSI. Multislice 1 H-MRSI data were used to estimate lactate. The lactate peak is expressed relative to the mean square root of the background noise in the respective voxel and given in institutional units (i.u.). Lactate values were examined as the average value of all voxels placed over the brain tissue (gray and white matter) and as the value in a voxel placed over the fluid in the lateral ventricle. 15, 19 Data analysis. The clinical baseline characteristics are presented using descriptive statistics. We calculated the average changes from baseline to years 1 and 4, respectively. Because most visits did not occur exactly at years 1 and 4 because of patients' scheduling preferences, we accepted all measurements obtained within a visit window of Ϯ2 months. For missed visits, we used the last measurement taken before the missed visit and the first measurement taken after the missed visit to linearly interpolate the missing value. In the case of missing follow-up data, we conservatively chose not to extrapolate. When the missing data were due to MELAS-related death, we imputed the worst value observed in the entire sample for that time point. This was to guard against the error of giving slow progressors with frequent opportunities for follow-up visits too much weight in the analyses and to guard against the error of ignoring death, a negative outcome, by just excluding data from deceased participants. For the descriptive statistics, the number of participants with available data for a given variable is indicated in each table. Missing follow-up data occurred for several reasons including death, progressive disability, contraindications to MRI (e.g., cochlear implant or pacemaker placement), or difficulty providing a medical history in the absence of a caregiver who could provide this information. In addition to the 31 patients and 54 carrier relatives who had a least 2 in-person visits, we saw an additional 24 patients only once in person but were able to obtain some telephone follow-up information so that we could include these additional 24 patients in the Kaplan-Meier analysis, whereas more detailed longitudinal clinical and laboratory data are available for only 31 patients and 54 carrier relatives. We used a one-sample t test to determine whether any change from baseline was statistically significant. We estimated the survival function using a Kaplan-Meier analysis and estimated the median survival time as well as the lower boundary of its 95% confidence interval. Neuropsychological global score. All patients with MELAS showed a progressive worsening in the neuropsychological global score over time. The decline from baseline (1.5 Ϯ 1) is significant at 1 year ( p ϭ 0.038) and even more evident after 4 years (2.1 Ϯ 0.8, p ϭ 0.0017) (normal ϭ 0 and worst score ϭ 3). No significant decline was seen in carrier relatives (table 2) .
RESULTS
Mutation load. The mutation load in blood decreased slightly over time but did not change significantly over the period of observation (table 3) . The mutation load in urine was measured only in a few patients and at a few visits but when available was consistently higher than that in blood and was higher in the patient group than in the carrier relative group. For the few available measurements, there were no significant changes in the proportion of mutant mtDNA over time (table 3) .
Neuroimaging. The global MRI score did not significantly change in carriers. However, in patients, there was a significant decline in MRI scores (from 43.7 Ϯ 8 at baseline to 37.7 Ϯ 8 at year 4, p ϭ 0.021).
Brain lactate. MRSI ventricular lactate increased in the MELAS patient group by approximately 30% over 4 years to 10.9 Ϯ 3 i.u. (baseline 7.7 Ϯ 3, p Ͻ 0.001) compared with a 10% increase in carrier relatives to 5.6 Ϯ 1 (baseline 4.9 Ϯ 2). Whole-brain lactate increased to a lesser degree (p Ͻ 0.001) (table 3) .
Other laboratory findings. Venous lactate did not change significantly in either the patient or carrier group. However, values were higher than normal at all time points in the MELAS patient group and in the upper range of normal limits for the carrier relative group. In addition, there was no significant change over time in the laboratory values measured, including creatinine, aspartate aminotransferase, alanine aminotransferase, triglycerides, triiodothyronine, and thyroxine.
Clinical symptoms and prognostic indicators. Ten of 78 carrier relatives became fully symptomatic with Abbreviation: MELAS ϭ mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes. Abbreviations: MELAS ϭ mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; NA ϭ not applicable. a Data are mean Ϯ SD (range).
MELAS during the study. School difficulties, motor or speech delay, small head circumference, or lower Karnofsky score at baseline were significantly associated with development of MELAS. In patients with MELAS, a history of early developmental problems was associated with earlier onset of MELAS, as defined by younger age at first seizure or stroke-like episode. The mean age at onset of MELAS in patients with a history of school difficulties was 13.7 years (SD 9.5) compared with 35.7 (15.9) years for those without. Similarly, for those with a history of growth failure, it was 21. Ninety percent of patients reported the onset of symptoms associated with mitochondrial disease before age 30 years. In those with disease onset before age 6 years, the most common presenting symptom was developmental delay, in those with onset between 6 and 10 years, it was muscle cramping or pain, and in those within the second and third decades, it was hearing loss.
The most common systemic symptoms were exercise intolerance, gastrointestinal problems (gastric discomfort and constipation), and hearing loss (table 4). The most common early developmental symptoms were school difficulties in 51% of patients and perinatal difficulties in 26% of carrier relatives.
Survival. During the course of follow-up, 24 study participants died. Three were in the carrier relative group, and their deaths were attributed to cancer (n ϭ 2) and complications of surgery (n ϭ 1).
Of the 55 fully symptomatic patients with MELAS, 21 died during follow-up. Death was attributed to MELAS-related medical complications in all patients. Death was considered unexpected and sudden in 3 patients. Two of these underwent autopsy that showed hypertrophic cardiomyopathy. The third patient had status epilepticus and was taking medication for Wolff-Parkinson-White syndrome. In addition to these cases of sudden death, a cardiac cause of death was reported in 1 patient with MELAS. In the remaining patients, neurologic events were prominent in the time leading up to death, including seizures, status epilepticus, and stroke-like episodes. Sepsis complicated the end-oflife period in 3 patients. Gastrointestinal pseudoobstruction was noted in about one-third of patients during the end-of-life period.
The death rate was more than 17-fold higher in fully symptomatic patients than in carrier relatives. Given the observation period of 120 person-years of observation for patients and 294 person-years for carrier relatives, the death rate was 0.175 deaths in fully symptomatic patients vs 0.01 deaths in carrier relatives per person-year of observation.
The average observed age at death in the MELAS patient group was 34.5 Ϯ 19 years (range 10.2-81.8 years). Of the deaths, 22% occurred in patients younger than 18 years.
The estimated overall median survival time based on 55 fully symptomatic patients was 16.9 years from onset of focal neurologic disease, i.e., seizures or stroke (figure). Among 18 patients who died during follow-up and had ventricular lactate levels recorded at baseline, 17 had ventricular lactate more than 5.41 i.u. (the median ventricular lactate level among all the patients and carriers at their baseline visits). For this high MRSI lactate group, the median survival from onset to death is 8.65 years, about onehalf of the overall survival time. However, 2 carrier relatives had ventricular lactate levels slightly more than 5.4 i.u. but did not develop seizures or strokes. DISCUSSION We have prospectively studied 85 subjects harboring the m.3243AϾG mtDNA mutation using a comprehensive battery of medical history questionnaires, physical examination, neuropsychological testing, laboratory tests, and neuroimaging.
In patients with MELAS, there is a progressive decline in neuropsychological and neurologic findings, worsening of MRI abnormalities over time, and progressively increased CNS lactate levels as estimated by MRSI. These findings mirror the clinical experience of patients with MELAS becoming progressively and often rapidly disabled by cognitive and neurologic impairment over time. m.3243AϾG mutation carriers frequently develop clinical symptoms associated with mitochondrial disease.
Our study has limitations. Collecting urine samples was not part of the prospective cohort study initially, so we did not collect a sufficient number of samples longitudinally to draw any prognostic conclusions. Future studies should include the longitudinal analysis of tissues other than blood when possible. Another limitation is related to incomplete retention of participants in this long-term observational study because many participants died or became increasingly disabled, making in-person study visits too burdensome. Additional loss to follow-up occurred because of a lack of perceived benefit. Participating in a long-term study without the benefit of an intervention requires an uncommon degree of altruism. We have used several strategies to counteract loss to follow-up including travel support for inperson visits and remote follow-up by telephone for participants who were unable to return.
Statistically, we have taken a conservative approach by including all available data (up to 10.6 years of follow-up) only in the Kaplan-Meier analysis. For all other analyses, we have limited our report to a 4-year follow-up period when a sufficient proportion of the population was still contributing data. We have only interpolated, not extrapolated, based on observed data and provided the number of observations for each time point. The Kaplan-Meier analysis itself has inherent limitations because of the large number of censored observations past follow-up year 10 makes the probability estimates less reliable. However, it is hoped that the survival probabilities together with the descriptive data on timing and The solid black line represents the 55 fully symptomatic participants with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes. The dotted red lines represent the 95% confidence intervals. Survival is plotted in years from disease onset, defined by first seizure or stroke. cause of death in our cohort will be useful to those caring for patients with MELAS. Elevated CNS lactate as estimated by MRSI was associated with shorter survival, confirming our previous observation that elevated lactate is associated with increased disease severity. 15 The presence of developmental delays and growth failure was associated with an earlier onset of MELAS. This finding suggests that a careful developmental history and MRSI studies can guide clinicians who are asked to give prognostic predictions.
Mutation load can vary among tissues (including oocytes) in an individual and within a family. 20, 21 Consistent with our previous report, there was a decline in mutant mtDNA in blood over time. 16 In some cases, no mutation could be found in the blood of obligate carrier relatives. However, it should not be assumed that mutation load is negligible because sufficient mutation must be present to trigger a positive test and because the mutation load may be higher in other tissues. Genetic counselors should advise individuals of this possibility, especially in the context of prenatal and preconception counseling.
The mortality in our cohort was comparable to that reported previously. 22 Regarding the presumed causes of death, however, previous studies had found a larger proportion of death attributable to cardiac causes.
To our knowledge, this is the largest prospective study of the natural history associated with the m.3243AϾG mutation. Early-phase clinical trials are now under way for MELAS, and the advances in our understanding of the etiology and pathophysiology of MELAS may lead to additional clinical trials. It is hoped that our data will be helpful in the planning of clinical trials as well as in the counseling of mutation carriers.
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